We present results from a comprehensive survey of 70 radio galaxies at redshifts 1<z<5.2 using the PACS and SPIRE instruments on-board the Herschel Space Observatory. Combined with existing mid-IR photometry from the Spitzer Space Telescope, published 870 µm photometry and new observations obtained with LABOCA on the APEX telescope, the spectral energy distributions (SEDs) of galaxies in our sample are continuously covered across 3.6-870 µm. The total 8-1000 µm restframe infrared luminosities of these radio galaxies are such that they almost all are either ultra-(L IR tot >10
Introduction
At high redshifts, deep sub-mm observations suggest that massive galaxies have high flux densities and vigorous, on-going star formation (e.g. Hughes et al., 1998; Barger et al., 1998; Stevens et al., 2003; Chapman et al., 2005; Wardlow et al., 2011; Swinbank et al., 2013) . The sensitivity of wide-field bolometer arrays limits these studies to only the brightest sub-mm emitters (e.g. Weiß et al., 2009 ). Such bright sub-mm galaxies (SMGs) Herschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with important participation from NASA. frequently appear to be highly disturbed, which favours gas inflows driven by mergers as the chief instigator for generating the high observed sub-mm fluxes (e.g. Somerville et al., 2001; Engel et al., 2010) . Whether these intense starbursts are indeed driven by mergers or by high rates of cold gas accretion is a question that is still actively debated (e.g. Noeske et al., 2007; Daddi et al., 2007; Tacconi et al., 2008) .
Often, vigorous star formation is accompanied by powerful active galactic nuclei (AGN; e.g. Hopkins & Quataert, 2010; Wang et al., 2011; Seymour et al., 2012; Rosario et al., 2012) . The presence of AGN is revealed throughout the electromagnetic spectrum, from X-rays to radio, and in both continuum and line emission (e.g. Carilli et al., 1997; Hardcastle & Worrall, 1999; Vernet et al., 2001; Alexander et al., 2005; Ogle et al., 2006; Nesvadba et al., 2008; Ivison et al., 2012; Wang et al., 2013) . How AGN are triggered remains one of the most challenging questions of contemporary extragalactic astrophysics (see Alexander & Hickox, 2012 , for a recent review). Even if current solutions and simulations are not completely satisfying (e.g. Hopkins & Quataert, 2010) , it is evident that the same material, cold molecular gas, is the reservoir out of which stars are formed and the AGN is fuelled (e.g. Hicks et al., 2009) .
Interestingly, the expected correlation between AGN activity and star-formation rate is not obvious in observations, both locally and at high redshift (e.g. Netzer, 2009; Hatziminaoglou et al., 2010; Asmus et al., 2011; Dicken et al., 2012; Bongiorno et al., 2012; Harrison et al., 2012; Rosario et al., 2012 Rosario et al., , 2013 Feltre et al., 2013; Videla et al., 2013; Esquej et al., 2014; Leipski et al., 2014) . This may be due to high variability of AGN or the differences in timescales it takes for gas to become unstable, collapse to form stars over kpc scales compared to the time it takes for gas to lose sufficient angular momentum to reach the inner central parsec of the galaxy (Jogee et al., 2005) . Despite our difficulties in understanding how relationships between the host galaxy and super massive black holes come about, we observe a tight correlation between the black hole and the physical properties of their host galaxies in the local universe (e.g. Magorrian et al., 1998; Gebhardt et al., 2000; Ferrarese & Merritt, 2000; Häring & Rix, 2004) . These relations suggest that both components of galaxies grew simultaneously (e.g. . Nevertheless, some discrepancies have been observed from the local relation implying either an observational bias or a possible evolution of this relation with redshift (e.g. Lauer et al., 2007; Zhang et al., 2012) . Currently, there are no complete answers that reconcile all the observations (Kormendy & Ho, 2013 , for a recent review).
Observations of infrared emission plays a key role in disentangling the relative importance of star formation and AGN to the bolometric emission from galaxies. As the IR emission is a mixture of dust heated by both the stars and the AGN, the nature of the IR spectral energy distribution (SED) can be used to probe the relative growth of galaxies and supermassive black holes and how their growth rates are related (the "AGNstarburst connection"). The short cooling time of the dust provides us with a snapshot of the heating rate of a galaxy due to the re-emission of absorbed UV and optical photons (e.g. Draine, 2003) . However, the peak of the IR SED, where both heating of dust grains by AGN and star formation make important contributions, was not completely covered with good sensitivity by Spitzer or by ground-based sub-mm photometry for distant galaxies (e.g. Archibald et al., 2001; Reuland et al., 2004; Cleary et al., 2007; De Breuck et al., 2010; Rawlings et al., 2013) . Herschel now provides the first opportunity to explore the complete IR SED of high redshift AGN, and thus to examine the relative contribution of the AGN and star formation to the bolometric luminosity of galaxies over a wide range of redshift.
Powerful radio galaxies are crucial objects in understanding the evolution of massive galaxies. They present all phenomenology undergoing both active star formation and rapidly accreting supermassive black holes. Powerful radio jets, strong and highly ionized optical and near-IR emission lines, and luminous mid-IR continuum, for example, betray the presence of an accreting supermassive black hole (e.g Carilli et al., 1997; Vernet et al., 2001; Nesvadba et al., 2008; De Breuck et al., 2010; Drouart et al., 2012; Rawlings et al., 2013) . They also have luminous submm emission, which is directly related to their vigorous star formation. Moreover, they have elliptical light profiles (Matthews et al., 1964; van Breugel et al., 1998; Pentericci et al., 1999; Zirm et al., 2003) , are extremely massive (Rocca-Volmerange et al., 2004; Seymour et al., 2007) and are often associated with high density environments (e.g. Venemans et al., 2007; Falder et al., 2010; Kuiper et al., 2011; Galametz et al., 2012; Wylezalek et al., 2013a) . In other words, they have many hallmarks of a massive (perhaps cluster) galaxy in formation (Miley & De Breuck, 2008) .
By their fortuitous edge-on orientation, the radio galaxies present a dusty torus occulting the light from the hot accretion disk (type 2 AGN), enabling the simultaneous study of the host galaxy and the AGN, more easily than in the case of quasars (i.e. type 1 AGN, for a recent review, see Antonucci, 2011) . Therefore, observing and characterising the different constituents of high redshift radio galaxies appears as our best chance to gain insights on the connection of the galaxy and black hole growth at much earlier stage in their history, more especially during the peak of the cosmic AGN and star formation activity (Hopkins & Beacom, 2006; Aird et al., 2010) . Since characterising the host galaxy/BH through dynamic properties at high redshift is observationally expensive (Nesvadba et al., 2011) , and beyond the reach of most of the current facilities, one has to rely on energetic diagnostics (such as SED decomposition) and empirical relations (Ferrarese & Merritt, 2000; Häring & Rix, 2004; Merloni et al., 2010 , e.g. M BH -σ, M BH -M bulge , M BH -M K ) to investigate this (non-)relation during the first half of the history of the Universe in larger samples.
In this paper, we analyse the characteristics of the IR SEDs of a sample of 70 powerful radio galaxies spanning the redshift range from 1 to 5.2. This large sample allows us to compare the properties of the IR SED with their other characteristics (e.g. radio luminosities and sizes). The paper is organised as follows: § 2 outlines the Herschel and sub-mm observations and data reduction; § 3 demonstrates how the photometry was calculated in cases of isolated and blended sources in the Herschel images; § 4 discusses the IR luminosities and the SED fitting procedure which was used to estimate the bolometric, AGN and starburst luminosities; § 5 compares the IR emission with other properties of the radio galaxies; § 6 discusses the interpretation of these luminosities in terms of physical parameters allowing us to put new constraints on the evolution of radio galaxies. Throughout this paper, we adopt the concordance cosmological model (H 0 = 70 kms −1 Mpc −1 , Ω Λ = 0.7, Ω M = 0.3).
Observations and Data reduction
This paper aims to disentangle the IR SED of a sample of 70 powerful radio galaxies spanning the redshift range 1-5.2. This HErschel Radio Galaxies Evolution (HeRGÉ) sample is identical to the Spitzer High-z Radio Galaxies (SHzRG) sample described by Seymour et al. (2007) and De Breuck et al. (2010) . We briefly summarize here the selection criteria to build this sample. The radio galaxies have been selected to cover homogeneously the radio luminosity-redshift plane, applying the criteria L 3 GHz > 10 26 WHz −1 , where L 3 GHz is the total luminosity at a rest-frame frequency of 3 GHz (Table 1 ; Seymour et al., 2007) .
We first describe the new Herschel data of our entire sample, followed by a presentation of sub-mm data which were obtained with the LArge Bolometer CAmera (LABOCA) on the APEX telescope to complete the submm observations of our sample 1 .
Far-IR data, Herschel
The far-IR data for all 70 sources were obtained with the Herschel Space Observatory (Pilbratt et al., 2010) in five broad bands: in two bands with PACS (Photodetector Array Camera and Spectrometer; Poglitsch et al., 2010, at 160 µm and either 70 µm or 100 µm depending on the redshift of the radio galaxy) and in three bands with SPIRE (Spectral and Photometric Imaging REceiver; Griffin et al., 2010, at 250, 350 and 500 µm).
Our program was observed between 2011 February and 2012 March. Several sources were already observed as part of guaranteed time observations, and those data were obtained from the Herschel Science Archive (see Table 2 for program and ObsID).
PACS reduction
PACS covers the spectral region 60 to 210 µm. The "mini-scan map mode" was used on each science target, using the PACS (70 µm)/PACS (160 µm) and PACS (100 µm)/PACS (160 µm) configurations for sources at z<2 and z>2, respectively. Each observation consisted of two cross-scan images centred on the source. The final map covers about 2x4 arcmin, with homogeneous coverage of 50 arcsec diameter around the target. The observations of PKS 1138-262 cover a larger field but were reduced using the same procedure. As each PACS observation consists of a simultaneous scan in two bands at medium scan speed (20 arcsec.s −1 ), two sub-images are produced for each band and co-added to obtain the final maps. Each data set was reduced from level 0 using the Herschel Interactive Processing Environment, version 8 (HIPE; Ott, 2010) using the standard deep miniscan pipeline. As we are looking for faint sources, the MMTDeglitching task was applied on level 0.5 of the data and we checked on the coverage map that no flux was potentially removed from the source. The PACS data is dominated by 1/ f noise, so we applied a high-pass filter on level 1 data with a high-pass filtering radius (hpfradius) value of 15 readouts for the blue/green channel and 25 readouts for the red channel with a circular mask of 15 arcsec radius centred on the galaxy coordinates (best strategy available, see Popesso et al., 2012) . Finally, each map was projected onto a user-defined world coordinate system (WCS) grid centred on the source. As our observations have a high redundancy, we chose a small pixfraction value (0.01) and set the pixsize to the recommended values: 2 arcsec for the blue/green channel and 3 arcsec for the red channel (Table 1) 2 . Finally, the 2 sub-maps were co-added into a final map with the MosaicTask.
SPIRE reduction
SPIRE covers the spectral region 200 to 700 µm. Each observation with SPIRE consists of three successive scans centred on the source with all three bands (250, 350 and 500 µm) at 30 arcsec.s −1 scan speed. The only exception is again PKS 1138-262 which had four scans over a wider area. The final map for each source covers 8x10 arcmin, with a homogeneous exposure level throughout the entire field. We reduced the data with the Photometer small map pipeline within version 8 of HIPE. As glitches are present in the SPIRE timeline, several deglitching procedures were applied to the level 1 data. We choose the linearadaptive20 option for the wavelet deglitcher with all the other options at their default values. We used the naivemapmaker to create the final map with pixel sizes of 6, 10, and 14 arcsec for the maps at 250, 350, and 500 µm maps, respectively (Table 1) .
Herschel Photometry
Thanks to high resolution radio observations (Carilli et al., 1997; Pentericci et al., 2000; De Breuck et al., 2010) , radio galaxy positions are known to sub-arcsec accuracy. As the average Herschel pointing uncertainties are ∼1 arcsec, we performed fixed aperture photometry directly on the known position of the each radio galaxy. Due to the depth of the images and the large beam of Herschel, the aperture photometry is often contaminated by nearby companions, which may contribute significantly to the estimated flux of the radio galaxy. In order to mitigate against this contamination, we visually checked each galaxy in six bands, from MIPS (24 µm) to SPIRE (500 µm). As the 24 µm image provides the best spatial resolution with which to investigate the dust emission, it was used to isolate potential companions contributing to the total flux in the Herschel data. The SPIRE (250 µm) image, since it is taken through one of the most sensitive channels and has reasonable resolution, was used to provide long wavelength information about possible contaminated sources. We first mark all the positions of detected sources in the 24 µm image onto the Herschel maps. When a possible contaminating source was found within 60 arcsec, it was deblended to remove its contribution from the radio galaxy flux (see § 2.2.2). Otherwise, a single aperture was used to estimate the flux (Table 3) .
Isolated sources
When the image does not show a contamination in the MIPS (24 µm) and SPIRE (250 µm) images, aperture photometry was performed using the AnnularSkyAperturePhotomery task within HIPE. For a comparison between the different strategies, we refer to Popesso et al. (2012) ; Pearson et al. (2013) , for PACS and SPIRE, respectively. We summarise here briefly for our sample. For PACS, the optimal strategy of masking is applied (see § 2.1.1), and aperture and PSF photometry gives similar results. For SPIRE, as our sample contains mainly faint sources (F gal <30mJy), automatic procedures would normally be preferred (SUSSEXtractor or DAOphot). However, as our sample is subject to blending effects (see next section), PSF-photometry is mainly performed to measure source flux making use of Starfinder (similar to SUSSEXtractor). See Table 1 for a summary of the parameters. Table 3 reports the final flux, obtained after aperture correction in the case of aperture photometry.
Blended sources
Blending becomes more important, particularly for the SPIRE bandpasses where the large beams encompass a large area around the radio galaxy (for example, the SPIRE 500 µm beam Table 1 . Main parameters of the Herschel bands and photometry for isolated sources. The 3σ sensitivity limit is the average sensitivity calculated over our entire sample for each band. Absolute calibration uncertainties and aperture correction from http: //herschel.esac.esa.int/Documentation.shtml. Note that this correction is only applied for the aperture photometry (see § 2.2). corresponds to ∼300 kpc at z=1). While this is particularly problematic for blind source extraction at a single wavelength (Nguyen et al., 2010) , we can use here the prior information given by higher resolution observations such as MIPS (24 µm) images. We use Starfinder, software optimised for crowded fields, performing Point Spread Function (PSF) photometry to estimate the fluxes of sources which are blended (Diolaiti et al., 2000) . StarFinder requires both the estimated position of each source and the characteristics of the PSF. We defined a 2D Gaussian PSF with the FWHM equal to the beam size. Even if the PACS and SPIRE beams are slightly different from Gaussian, the energy in the secondary lobes is only a small fraction of the total integrated energy, and the Gaussian approximation is still valid. We checked this difference in the SPIRE images where several sources can be used to estimate the PSF. We found the differences to be negligible. Even with input positions on possible sources, sometimes Starfinder did not converge on a solution, especially in the case where two sources are separated by less than the FWHM of the PSF for SPIRE. The SPIRE 500 µm band, which has the largest beam, is the most affected by this effect. For sources that could not be accurately deblended, we assume the total flux to be the upper limit for the radio galaxy.
The main caveat to this technique is the assumption that a source detected in SPIRE has a counterpart in the MIPS images. Using the average sensitivity of our MIPS (24 µm) and SPIRE (250 µm) images, we calculate the corresponding colour limit, log (F 250 µm /F 24 µm )=2.12. Making use of templates from DecompIR (see § 4), we indeed find that this approach can miss some sources at z>3 given our achieved sensitivities. Nevertheless, such contamination is estimated to be only a few percent (Roseboom et al., 2010; Magdis et al., 2011) and is therefore not taken into account for the remainder of this paper.
Uncertainties
The design of the PACS detectors makes those data prone to correlated noise (Popesso et al., 2012) . While a formal estimate of such noise is almost impossible, it is possible to estimate the average total noise from the images. Given the observing strategy, we focused on the most homogeneous, central part of the images to estimate the noise. We drew identical, non-overlapping apertures around the source in a hexagonal pattern, and performed the same aperture photometry as used to estimate the flux of the central source. We considered the total noise on the map to be the standard deviation of these distributed apertures around the source.
For the SPIRE images, the uncertainties are calculated either in the sky annulus for the aperture photometry in the case of an isolated source, or by the standard deviation of the pixel value distribution of the map for the PSF-photometry.
Final uncertainty and Herschel flux
As the observations are centred at the position of the radio galaxies, which are well detected at shorter wavelength, we have a strong prior on the detection of a source at a given position. We define "strict non-detection", "tentative detection" and "strong detection" as sources detected at the F gal <2σ, 2σ<F gal <3σ and F gal >3σ levels, respectively. In the case of a non-detection (F gal <2σ), we took the upper limit as three times the sky standard deviation (we discussed the estimation of the uncertainties in previous sub-sections). In the case of tentative detection (2σ<F gal <3σ), we provide the value of the flux between square brackets (Table 3 ) and display these as open diamonds on the SED plots ( Fig. D.1 ). In addition, we add the calibration uncertainty in the formal errors for detected sources. Table 3 presents the final flux estimates and their associated total uncertainties (photon, instrumental and confusion noise). They are calculated by adding quadratically the absolute calibration uncertainty (see Table 2 ) with the uncertainty estimated directly from the noise characteristics of the images (Section 2.2.3). Because of the additional flux calibration uncertainty, the Signal-to-noise ratio does not correspond to the flux uncertainties given in Table 3 , as those are calculated before applying the calibration correction.
Sub-mm data, LABOCA
In addition to the fluxes already available in the literature (Archibald et al., 2001; Reuland et al., 2003) , we obtained new sub-mm data for some of those sources lacking it 3 . We observed 18 sources in the southern hemisphere spanning 1<z<3. The observations were done in service mode between 2012 July and December, with precipitable water vapour generally below 1 mm. To save observing time, most sources were observed using the LABOCA wobbler on-off (WOO) photometry mode. As this WOO mode does not provide any spatial information, it should only be used on isolated sources. If the Herschel maps showed either multiple point-like sources within a radius of 20 (one LABOCA beam size), or a spatial offset more than 5 from the radio core position, we used the raster spiral mapping mode instead. The integration times per source were adapted to obtain an approximately uniform rms for all 18 sources. To reduce the data, we used the doOO script inside BoA (Schuller, 2012) for the WOO data, and the reduction macro in CRUSH2 (Kovács, 2008) for the mapping data. Table 4 summarises the observing modes, fluxes, uncertainties and the references for data taken from the literature.
The HeRGÉ Infrared Spectral Energy Distributions
Combining the Spitzer, Herschel and sub-mm data, we continuously cover the wavelength range 16-870 µm. The panels of Fig. D .1 show the resulting SEDs for our 70 radio galaxies. As our focus is on the warm to cold dust emission, we do not use Spitzer IRAC photometry in our SEDs because those data are generally dominated by stellar photospheric emission (e.g. Seymour et al., 2007) . De Breuck et al. (2010) show that hot dust emission can also contribute significantly to the IRAC fluxes of some sources. This hot dust component (>500 K), however, only represents a small fraction of energy of the total IR SED (<5%), and is influenced by orientation-dependent effects (Drouart et al., 2012) . We therefore do not include this hot dust contribution in our SED fitting. Moreover, we add 20% uncertainties to the MIPS data to account for cross-calibration uncertainties between Spitzer and Herschel. We overplot the Spitzer spectrum available for a sub-sample of our sources (Seymour et al., 2008; Rawlings et al., 2013) . These spectra are not used to constrain our fits, but provide a consistency check on our decomposition of the IR/submm SEDs.
Total IR luminosities
Since our IR/submm SEDs are well-sampled, we can estimate robustly the total IR luminosity (L IR tot ). We use its most common definition, integrating the flux density in the 8-1000 µm restframe range. To interpolate between our photometric data points, we assume the models described in § 4. From these estimates of the total IR luminosity, it appears that almost all radio galaxies from our sample are ultra-luminous infrared galaxies (ULIRG; L IR obs >10 12 L ). Fig. 1 plots our sample along with other samples available in literature with Herschel observations. Our galaxies are among the brightest emitters in the IR in their redshift range. About half of our z>2 sample belongs to the HyLIRG regime (L IR tot >10 13 L ). From this diagram, it is interesting to note that the high redshift radio galaxies are indistinguishable from the most extreme IR emitters.
Interestingly, such luminous objects imply strong AGN and/or star formation activities. This should be compared with previous results about the mass of these objects, located at the high-mass end of the galaxy mass distribution (e.g. RoccaVolmerange et al., 2004; Seymour et al., 2007) . Even if these galaxies are identified as the progenitors of the "red-and-dead" local ellipticals (e.g. Matthews et al., 1964; Rocca-Volmerange et al., 2004; Thomas et al., 2005; Labbé et al., 2005) , they appear to be pretty active in the past.
The warm and cold dust contributions
While both AGN and SB can heat dust, their input SEDs are significantly different. AGN heating tends to contribute at Kartaltepe et al. (2010) , using Spitzer data. The blue squares are the GOODS samples from Elbaz et al. (2011) . The black dots are the selection from Symeonidis et al. (2013) . We also indicate the LIRG, ULIRG and HyLIRG limits.
shorter wavelengths (∼10 µm, T AGN dust ∼300K) while star formation heating tends to dominate the emission at longer wavelengths (∼100 µm, T SB dust ∼30K). Given the large variety of the data quality, we want to define a set of criteria to disentangle the AGN and SB contributions. We therefore classify our galaxies into classes depending on the number of detections on either side of 50 µm restframe (e.g. Leipski et al., 2013) . This value is preferred for several reasons. First, in the case of an object with both contributions (AGN and SB), the change in regime is expected to occur around this wavelength. Second, our sample spans a large range in redshift (1<z<5) and therefore a simple colour selection would be severely affected by the k-correction. Third, this wavelength equally splits the number of channels available for each source (four bands on either side). We note that by changing this limit to 30 µm or 70 µm only changes the fraction of sources in each class by a small amount (<5%).
The classes are defined as follows, with their respective fractions in our sample:
1. Warm and cold dust (WCD, 45%): corresponds to detections on both sides of λ rest =50 µm. 2. Warm dust (WD, 33%): corresponds to detections only in the mid-IR (λ rest <50 µm). 3. Cold dust (CD, 11%): corresponds to detections only in the far-IR (λ rest >50 µm). 4. Upper Limit (UL, 11%): corresponds to no detections in either the mid-IR or the far-IR.
We detect warm, preferentially AGN-heated dust emission in the majority (78%) of our sample, while the cooler, preferentially starburst-heated dust emission is detected in half (54%) of our sample (Table 6 ). This difference between the possible constraints on the two components can be interpreted in two ways: either our Herschel (and in particular SPIRE) data are comparatively less sensitive than Spitzer, or the AGN contributes more significantly to the IR SED while the strength of the associated SB varies by a larger amount. We note that only 11% of our sample does not have any constraints on the relative contributions of either AGN or starbursts to the IR SED. 5 G. Drouart et al.: Projet HeRGÉ To further examine correlations involving IR luminosities in our sample, we next separate the AGN and SB components.
IR SED Decomposition Method
In order to decompose the two main contributions to the IR SED, AGN and SB emission, we need models for each component. The AGN dust emission, which contributes mainly in mid-IR emission, comes mainly from the far-UV through optical light that has been reprocessed by dust in close proximity to the AGN. The far-UV through optical emission from any young stellar population that may exist is largely reprocessed into the far-IR via dust grains.
One of the most important goals of this analysis is to determine the relative emission from the AGN and starburst components. Disentangling this relative emission allows us to investigate the principal physical processes responsible for the luminous IR emission in distant radio galaxies, since the dust reprocessed emission is the largest contributor in active galaxies. Such analysis provides the best measure of the bolometric luminosity.
We use the SED fitting procedure DecompIR , https://sites.google.com/site/decompir/ home), with some minor modifications to add the information and constraints provided by the Herschel and sub-mm data. Briefly, DecompIR allows the fitting of one or two templates thanks to χ 2 minimisation. It considers an empirical library estimated from local starburst and an empirical unique AGN template consisting of a composite spectrum of broken powerlaws and a black body. All templates cover the 3-1000 µm restframe range 4 , and an extinction can be applied independently for each component. This procedure has been extensively tested on higher redshift sources and described in Del Moro et al. (2013) . In order to keep our approach as homogeneous as possible over the whole sample, we minimize the number of free parameters. We remind the reader that we did not include the IRAC data because it contains a significant component of stellar photospheric emission.
Additional starburst template
DecompIR includes five different SB templates. Briefly, they represent SB with different peaking temperatures and PAH strength, with the coldest corresponding to SB1. We refer to Mullaney et al. (2011, their Fig. 4 ) for presentation of the SEDs. For two galaxies (4C 41.17 and 4C 28.58), these five available templates do not converge to an acceptable solution. The best fitting SED suggests that either a hotter starburst component or a colder AGN contribution ( Figure D .1) is required to reproduce the observed SED. However, 4C 41.17 is well fitted by a synthetic SED from the galaxy synthesis and evolution code, PEGASE.3 (Rocca-Volmerange et al., 2013). Fortuitously, this galaxy appears to have a relatively small AGN contribution (Dey et al., 1997) . Rocca-Volmerange et al. (2013) show that the IR part of the SED is clearly dominated by a young stellar population. We have therefore included the IR part of the best fitting SED of 4C 41.17 from PEGASE.3 as a new template to the DecompIR library (the "SB6" template). This template has the highest relative dust temperature of any of the SB templates in the library -its dust emission peaks at ∼60 µm(∼50K). This template does not represent a local SB as the other templates, it is a solution for a 30 Myr old starburst (Rocca-Volmerange et al., 2013) . However, we seek here only to reproduce the general shape of the IR SED to estimate IR luminosities, and will not make any further considerations about the age/mass of this template. A further analysis of the SB/host properties similar to the approach Rocca-Volmerange et al., 2013 is the object of a forthcoming paper (Drouart et al., in prep) .
AGN template
The AGN template used in this analysis is calculated using a sample of AGN that has had the starburst contribution removed from their mid-IR spectral energy distribution. The template is an average of the residual mid-IR SEDs (see Mullaney et al., 2011, for details) . Due to the empirical nature of this subtraction and the variety of possible AGN-dominated mid-IR SEDs, this average template is expected to show discrepancies from object to object, however it represents well the average AGN spectrum in mid-IR (Dale et al., 2014) . Ideally, we would like to use different AGN templates, similar to the SB analysis. In particular, the hottest part of the AGN is subject to inclination-dependent effects (e.g. Leipski et al., 2010; Drouart et al., 2012) .
In order to test this, we modified DecompIR to include the average type 1 AGN template from Richards et al. (2006) onto which we apply an extinction from Fitzpatrick (1999) . Even if this AGN template significantly improves our fitting, we decided to discard this template from our library for the following reasons. First, the inclusion of an extra parameter (the extinction) decreases the number of sources on which our fitting can be applied. Second, the Richards template presents an odd, and unrealistic tail in the far-IR (probably due to the poor far-IR coverage of the dataset used to build this template). Third, while increasing the scatter in L IR AGN , we find no drastically different results from using the built-in AGN template. Finally, being an average template, star formation can still contribute at long wavelength and we would therefore overestimate the AGN luminosity.
Transition regime: hot starburst or cold AGN ?
The transition between the two components is the most critical parameter as it has an important influence on the calculated IR luminosities. On one hand, we want to be sure that the templates we are using are effectively representative of the AGN and/or the SB components. On the other hand, we want to keep the decomposition as simple as possible to apply it over the entire sample. As previously mentioned, we use only one AGN template, deemed representative of the general AGN SED. How can we be certain that this only empirical template is representative for all our sources? This question is difficult to answer as the data quality varies from object to object and we only have broad band photometry for our sample. Nevertheless, one can argue that this template is valid considering the following assumptions. The cold dust emission for the AGN (λ rest >30 µm) can come from (i) an extended torus (e.g. Fritz et al., 2006; Nenkova et al., 2008) , or (ii) reprocessed light from the NLRs (e.g. Dicken et al., 2009 Dicken et al., , 2010 . While (i) will require the inclusion of a large number of new free parameters, (ii) can only be assessed by the [OIII] luminosities that are not available for our entire sample. The quantification of these effects is beyond the scope of this paper and will therefore be ignored for the remainder of the analysis. Moreover, one notes that the empiri- cal AGN template does present a significant contribution at long wavelength. It is also interesting to note that the extreme object 4C 23.56 represents the prototype of a pure AGN contribution, and is remarkably well reproduced by the built-in template. Part of our sample (7 objects) have IRS spectra (12-24 µm) available (Seymour et al., 2008; Rawlings et al., 2013) . Overplotting the spectrum after the fitting shows a good agreement between the IRS and the results. Finally, the overall results do not seem to bias our results towards one or another SB templates (see Table  6 ).
AGN/SB relative contribution
The relative contribution of the AGN and the SB can vary a lot, depending of the physical condition of the SB or the configuration of the dust close to the AGN (see previous section).
In order to check this potential impact on the previously defined classification (UL, CD, WD, WCD) we define three values of the relative AGN and SB contribution to the flux at 10, 50 and 100 µm restframe ( f ). This relative contribution may vary, depending on the SB template used for the fit. In the mid-IR (10 µm), this effect can be strong due to the emission from Polycyclic Aromatic Hydrocarbon (PAH) molecules. For the two extreme starburst templates, this relative contribution can vary up to a factor of 4. Nevertheless, in most cases, we can discriminate between the most extreme templates (SB1 and SB5) which have a factor of ∼2 difference in their relative contributions for the same total luminosity. In the far-IR (100 µm) this relative difference is smaller, the SB dominates the SED except for a few cases (e.g. 4C 23.56). The Appendix B shows these fractions as a function of the total infrared luminosity L IR tot .
Procedure on the sample
The large difference in data quality prevents us from blindly applying the same fitting procedure on all galaxies in the full sample. In order to take full advantage of our data, we apply different procedures on each source, depending on the number and the quality of detections, and their previously defined classes (see § 3.2 and Tab. 5). We also highlight some special cases which need a specific treatment. We stress that independently from their designated class, each acceptable solution must respect the"3-sigma rule": if a solution present a template brighter that any of our 3σ detection limits, this solution was discarded as not physically acceptable. Note that all calculated infrared luminosities are integrated over the 8-1000 µm range.
UL sources: For sources without any firm detections, only upper limits on L IR AGN and L IR SB can be calculated. We normalise separately the AGN template and a SB template on the most constraining upper limit. The upper limit on L IR tot is calculated by fitting simultaneously both templates on the most constraining upper limits.
WD sources: For sources with detections only in the mid-IR, we fit only an AGN template. In a second step, we normalise a SB template to the most constraining upper limit in the far-IR. The upper limit on L IR tot is calculated fitting simultaneously both templates on the detected points in mid-IR and the most constraining upper limit in far-IR.
CD sources: For sources with detections only in the far-IR, we fit only an SB template. If the number of detections allows it (n≥2), we leave the type (SB1 to SB6) as a free parameter. In a second step we normalise the AGN template on the most constraining upper limit in the mid-IR. The upper limit on L IR tot is calculated fitting simultaneously both templates on the detected points in the far-IR and the most constraining upper limit in the mid-IR.
WCD sources For sources with two or three detections in midand far-IR, we fit both AGN and SB components but choose the SB template which maximises L IR tot with respect to the most constraining upper limits in the far-IR. For sources with four or more detections, we fit both the AGN and SB components, with the SB type template as an additional free parameter in the fitting. In both cases, L IR tot is the sum of both templates. As mentioned previously, extinction could have a strong impact on the fitting. We tested for this effect on this subsample adding the extinction as a free parameter on both components. The L IR SB and L IR AGN are changed within a factor <3. We therefore do not consider extinction in our fitting procedure for the reminder of this paper. Table 6 Fig. 2 shows both the infrared AGN and SB luminosities as a function of redshift. In order to verify whether the upper limits on the AGN and the SB components are mainly due to physical processes or purely from an observational bias, we calculate the minimum luminosity for each component related to the band sensitivity. Our 3σ sensitivity limits are calculated averaging the uncertainties over the entire sample. We normalise the AGN and SB3 5 templates in each observed band and calculate the corresponding L IR AGN or L IR SB at any redshift. One notes that our upper limits do not always follow the most sensitive detection limit (for instance the black line on left plot). This can be explained as: (i) the IR emission is a mixture of AGN-and SB-heated dust; (ii) especially in the IR, the background emission varies locally and as a function of Galactic longitude, impacting the final sensitivity; (iii) the depth of the MIPS (24 µm) imaging is not uniform throughout the sample (De Breuck et al., 2010) .
Results

AGN/SB detection limits
From these diagrams, MIPS 24 µm data appear to be the most sensitive to the AGN contribution at any redshift. It is important to remember that a pure AGN contribution is very unlikely to be The ordinate on the right hand side of the plot is calculated using Eq. 1, assuming the Kennicutt (1998) law. We indicate our average 3σ-sensitivity limit for the AGN and the SB3 templates for each filter (see § 5.1 for details, figure inspired from Elbaz et al. (2011) ). One notes that in a case of pure AGN emission, MIPS (24 µm) is the most sensitive band over the entire redshift range. On the other hand, in the case of a pure starburst emission, the most sensitive band at z>2 is in the submm (APEX or SCUBA).
detected in the sub-mm as they require AGN of L IR AGN >10
14 L at any redshift (see orange, SCUBA line at the top of Fig. 2, left) . Nevertheless, one should be careful to associate the 24 µm flux to the AGN because PAH contributions from star formation can be important in this band (see plateau in Fig. 2, right) . In the case of a pure SB component, the situation is completely different. Up to z∼2, MIPS 24 µm is again our most sensitive band to detect both SB and AGN. However, in the case of a pure SB component, the SB will be detected only at L IR SB >10
12 L where for the same sensitivity a pure AGN will be detected at the L IR AGN > 3×10 11 L level. This implies that the MIPS 24 µm band is likely to be dominated by AGN emission if any hints of AGN activity is detected in a source (which is the case for radio galaxies).
At z>2, SCUBA (and LABOCA) become our most sensitive bands for detecting SB components. Moreover, due to kcorrection effects (Blain et al., 1999) , this limit is roughly constant with redshift. Our 3σ sensitivity allows us to detect starburst activity of at least 400 M yr −1 (800 M yr −1 for LABOCA) assuming the standard L IR tot -SFR conversion law (Kennicutt, 1998) . 6 Making use of the IRAF survival analysis package, p is the probability of no correlation.
Infrared AGN and Starburst luminosities
We also estimate the black hole accretion rate (Ṁ BH ) and the star formation rates (SFR) based on the fits to the SED. We discuss these parameters in greater detail in § 6. First, we note that our sample spans a large range in both SFR andṀ BH , almost two orders-ofmagnitude for both of them, 1 M yr −1 <Ṁ BH <100 M yr −1 and 100 M yr −1 <SFR<5000 M yr −1 . Moreover, as they scale linearly with L IR AGN and L IR SB , the suggested increasing trend with redshift applies to both the SFR and the black hole accretion rate. In particular, all our z<2 sources have aṀ BH <5 M yr −1 , while at z>2,Ṁ BH can reach 100 M yr −1 . The same behaviour, though weaker, can be observed with SFR where all sources (except one) have SFR<1000 M yr −1 at z<2.5, while SFR can reach 4000 M yr −1 for the sources with the highest redshifts. (we discuss this plot more extensively in § 6). Radio galaxies cover a wide range of relative contributions: from almost pure star forming galaxies (e.g. 4C 41.17), to almost pure AGN contribution (e.g. 4C 23.56 7 ) but with the majority having SEDs which are composites of star formation and AGN heating (e.g. PKS 1138-262). We point these three specific sources in Fig. 3 as black crosses.
Taking into account only the objects with good constraints on both their AGN and SB contributions, we find no significant correlation. This provides confidence about the decomposition as we do not expect, a priori, to have a correlation between the AGN and SB luminosities (as also find in other studies, e.g. Bongiorno et al., 2012; Dicken et al., 2012; Feltre et al., 2013; Leipski et al., 2014) . Nevertheless, it is interesting to note that each component (AGN and SB) has an integrated luminosity of L IR >10 12 L . This indicates that a high IR luminosity does not necessarily imply a high star formation rate or a strong AGN activity. In the case of powerful radio galaxies, the radio emission is dominated by the AGN. The 500 MHz luminosity (ł500) is an excellent proxy for estimating the energy injected by the AGN into the lobes of the radio galaxy 8 . We see a weak correlation over 2 orders of magnitude in L IR AGN and ł500 (Fig. 4, ρ=0 .475,p=0.0001). However, both ł500 and L IR AGN present a correlation with redshift. As we constrained L IR AGN for most of our sample and ł500 is well determined, we apply a partial correlation test 9 in order to take this mutual dependence on redshift into account. Indeed, this partial test severely 8 At 500 MHz, the radio emission is dominated by the lobes. At such frequencies, relativistic beaming effects are not playing a significant role (Blundell et al., 1998) . 9 We make use of the IDL function p correlate and only consider sources with detected L IR AGN and ł500. degrades the correlation (R=0.10) indicating that redshift is the determinant factor of this correlation. It is therefore impossible to conclude much about the correlation between the radio and the IR in radio galaxies (at least with this sample which spans a wide redshift range but <2 orders of magnitude in radio luminosity).
This apparent lack of correlation can be easily explained by comparing the timescales in the IR and radio to respond to changes in the energy output of the AGN. The dust heated by the AGN is likely to be circumnuclear given its emission temperature. Dust cools quickly and the timescale for the photons to stream through the nebula is relatively short. The radio emission, on the other hand, has a much longer response time to changes in the AGN output and the aging time of electrons is of the order of tens of Myr (Blundell et al., 1999) , especially at low frequencies and considering shock re-energization in the lobes themselves. Also, it is not clear if the relative fraction of energy and emission in the radio and IR should be similar anyway. tics make it even more difficult to conclude anything about this correlation. Moreover, as for L IR AGN , this correlation seems also mostly driven by redshifts effects.
Radio sizes
Spatially resolved radio observations can measure the distance between the core and the lobe (or lobe-lobe), providing useful information on the age of the radio phase assuming a simple ballistic trajectory for the ejected particules (Blundell et al., 1999) . The radio size, las (Table 2 in De Breuck et al., 2010), corresponds to the largest extension in 1.4GHz radio maps. As all our radio galaxies have a spectroscopically determined redshift, we calculate the projected size Dsin(i) in kpc of the radio galaxy where D is the physical size of the galaxy and the sin(i) term refers to its projection onto the sky plane. A degeneracy appears here due to the inclination i of the radio galaxy. Nonetheless, this latter quantity is not expected to be important, as we are dealing with type 2 AGN, i.e. mostly oriented in the plane of the sky (Drouart et al., 2012) . The real size D will likely be at most 30% larger due to projection effects. Fig. 5 plots L IR AGN against the projected size Dsin(i). Similar to ł500, coloured points show a redshift effect in our data; the most compact AGN are at higher redshift. Radio sizes could be also affected by two effects: (i) it can depend on environment (e.g. Kaiser et al., 1997; Klamer et al., 2006; Bornancini et al., 2010; Ker et al., 2012) ; and (ii) our sample presents a weak selection bias in size, with larger objects located at lower redshift (see Fig. 5 ).
Comparing IR luminosity with stellar mass
Our sample benefits from stellar mass estimates thanks to Spitzer data. By fitting the 3.6-24 µm range with a sum of an elliptical template from PEGASE.2 (Fioc & Rocca-Volmerange, 1997) and blackbodies at various temperatures, De Breuck et al. (2010) estimated reliable stellar masses for our sample, finding values of ∼10 11−12 M . Although massive, our low dynamic range in mass prevents us from drawing any conclusion about possible correlations. However, it is interesting to note the large scatter in the AGN luminosity, over two orders of magnitude, but the relatively small scatter in M stel (see 
Discussion
Having disentangled the total IR luminosities of the star formation and AGN components in the SEDs, we can now estimate star formation rates (SFR), because we have stellar mass estimates (M stel ), the specific star formation rates (sSFR), the black hole accretion rates (Ṁ BH ), Eddington ratios (λ) and the specific black hole growth rates (sṀ BH ). Indeed, these estimates will allow us to characterize the evolutionary state of powerful radio galaxies, since we have a sample which spans a wide range of redshifts. Are the host galaxies and their black holes co-evolving or is one of them outgrowing the other? Because it is difficult to provide reliable uncertainties for individual sources and parameters and undoubtedly our estimates suffer from systematic uncertainties, we will have to interpret these estimates as ensemble averages instead of focusing on individual measurements. With these insights, we will attempt to characterize the place of radio galaxies in the population of distant galaxies and what their future evolution might be within the context of their place in the ensemble population of galaxies.
6.1. How rapidly are radio galaxies and their black holes growing?
To put the radio galaxies into the context of the evolution of galaxies and into the broad range of black hole demographics (i.e. growth rate and masses), we need to convert estimates of the bolometric luminosities of both the recent star formation and the black hole accretion, L IR SB and L IR AGN , into SFR andṀ BH . These estimates depend on the rate at which short wavelength emission (e.g. blue optical, UV) from young stars is reprocessed into the IR and submm and the rate at which the accreted mass on to the black hole is converted into radiated energy and the ratio of the IR luminosity to the total bolometric luminosity.
Star formation rate
We have found that powerful radio galaxies are extremely bright in the IR (L IR tot >10
12 L ), which may indicate that they have very high SFRs. We have seen in § 5.2 that we can disentangle SB from AGN emission. We can thus provide much more reliable determinations of the SFR than previous submm only determinations (e.g. Archibald et al., 2001; Reuland et al., 2004) . Given the high IR luminosities and the fact that we are concerned here with the ensemble properties (averages, ranges, changes with redshift) not the details of individual sources, we will use the simple relation between the SFR and IR luminosity given for local galaxies (Kennicutt, 1998) :
where L IR SB is in units of L and SFR in M yr −1 . Our galaxies span a large range of SFR, from 100 to ∼5000 M yr −1 . These results are similar to SFRs estimated for SMGs over the same redshift range (e.g. Engel et al., 2010; Wardlow et al., 2011; Swinbank et al., 2013) and radio galaxies from the 3C catalogue (e.g. Barthel et al., 2012) 10 . This wide range of SFRs is somewhat surprising. Radio galaxies obviously have very active and luminous AGN which emit across the electromagnetic spectrum and as such, the AGN must have a significant impact on the host galaxy. However, despite the evidence for the impact of the AGN, these galaxies exhibit a very wide range of SFR which is not correlated with the AGN luminosity (see Fig. 3 ). One must be very careful about both correlation or lack of correlation being causal, the fact that global star formation and AGN activity occur over different timescales, and that estimates of the instantaneous power output of an AGN may not be closely related to its longterm average Chen et al., 2013) . Such variations might mask any underlying relationship.
None of the radio galaxies at z<2.5 (except one) show a high L IR SB and hence a high SFR compared to radio galaxies at higher redshifts (Fig. 2) . The brightest IR sources, have SFRs up to 5000 M yr −1 . Whether or not this is a physical limit (e.g. Lehnert & Heckman, 1996) , we caution that this large value may be partially a result of the low angular resolution of our submm data (∼20 arcsec at 850 µm). At z>1, 20 arcsec corresponds to ∼160 kpc and so our observations may include contributions from many nearby star forming galaxies (e.g. Hatch et al., 2008; Ivison et al., 2008 Ivison et al., , 2012 . The SFRs we have estimated are therefore in some cases best thought of as an upper limit to the SFR of the radio galaxy itself. If indeed several sources are in the same beam, the low resolution means that we are measuring an upper envelope of the SFR for the whole system (e.g. Karim et al., 2013) . The multi-object nature of some IR sources is evident in recent ALMA high resolution observations of submm galaxies . The overall similarity in the star formation rate estimates for our radio galaxies and the SMG population suggests that perhaps the most luminous radio galaxies are affected in the same manner. However, this is unlikely to be more than a factor of a few . 10 We note that the L IR SB and SFR from our SED decomposition are also compatible with the previous estimates based on IRS spectra Seymour et al. (2008) ; Rawlings et al. (2013) .
Black hole accretion rate
Assuming a fraction of the rest-mass energy of the material accreting onto the black hole is converted into radiation over the whole of the electromagnetic spectrum, one can estimate the accretion rate from an estimate of the bolometric luminosity. The accretion rate (Ṁ BH ) can be defined as:
where is the efficiency factor for converted accreted mass into bolometric luminosity and κ Bol AGN is a bolometric correction factor to convert L IR AGN into L Bol AGN . There are only a small number of empirical constraints on . Results on quasar clustering suggest >0.2 Shen et al., 2007) , other studies suggest a mass-dependent factor ranging from 0.06 to 0.4 (Davis & Laor, 2011; Cao & Li, 2008; Volonteri et al., 2007; Merloni et al., 2004) . We adopt here a conservative value of =0.1. If is actually higher than our preferred value, all the relations will move by the necessary factor. The κ Bol AGN correction is uncertain, as it depends mostly on how much of the radiative energy is reprocessed by dust, the wavelength of the observations that must be converted to the bolometric luminosity, and the AGN type and their selection (X-ray AGN, quasars, etc.). This conversion factor to the bolometric luminosity can vary from 1.4 to 15 for the IR (see Appendix C). Assuming the full unobscured AGN SED is similar to the Elvis et al. (1994) Similar to the star formation rates, the black holes in powerful radio galaxies appear to have a wide range of accretion rates, 1-100 M yr −1 and similarly cover about two orders-ofmagnitude (Fig. 2) . To put this in perspective, powerful radio galaxies have accretion rates similar to those of high redshift quasars (Hao et al., 2008) . Moreover, the accretion rates also appear to increase with redshift as do the star formation rates (Fig. 2) .
Assuming and κ Bol AGN are constant for the ensemble of radio galaxies,Ṁ BH also appears as an upper limit of accretion rates in these radio loud AGN. A simple order-of-magnitude calculation suggests that ∼10 7−9 M of gas is needed to continuously support such AGN activity over a 10 Myr timescale. This quantity of gas is similar to the gas mass observed at <1 kpc scale in some earlytype gas-rich galaxies at low redshift (e.g. Young et al., 2011; Crocker et al., 2011) . At higher redshift, where more molecular gas is expected to be present to fuel both the AGN and the star formation activity, only a few percent of the available gas mass observed in radio galaxy systems (∼ 10 10−11 M , Ivison et al., 2012; Emonts et al., 2011 Emonts et al., , 2013 ) is necessary to fuel the central black hole. This transport of the gas to the inner part of the galaxy needs a process to efficiently remove the angular momentum of the gas to fall within the sphere of influence of the central black hole (e.g. Jogee et al., 2005) . Even if some hypotheses are proposed, the dominant process is still unclear (e.g. Alexander & Hickox, 2012 , for a review).
Co-eval stellar population and black hole growth?
How do the growth rates of the stellar population compare to that of the AGN in these powerful radio galaxies? If the galaxies and super massive black holes were growing sufficiently rapidly to remain on the spheroid mass-black hole mass relation, we would expect the growth rate of the BH (i.e.Ṁ BH ) to be about 0.2% of the growth rate of the stellar population (i.e. SFR). However, with the parameters given in the previous two subsections, we find high redshift powerful radio galaxies are found to lie around the relation represented byṀ BH = 0.024×SFR (i.e. offset by one order-of-magnitude, Fig. 3 ). Although obviously these estimates are very uncertain for individual sources, we see that overall, radio galaxies represent a phase in the evolution of both the galaxy and the black hole where relatively speaking, it appears as a more important growth of the black hole. In fact, it appears that the black hole is out-growing its host galaxy, in spite of the high observed SFR (similar to SMGs at similar redshift Alexander et al., 2005) , by about a factor of 10 relative to what would be expected if they were growing in lock step. It is important to keep in mind that we set κ Bol AGN =6 and the exact value of the offset between the relative rate of black hole to galaxy growth is dependent on this choice. However, even if we choose a lower but still reasonable value, say κ Bol AGN =2 (see Appendix C), the general population of powerful radio galaxies would still have a significant offset toward more rapid black hole growth.
We also stress that this result is completely massindependant, as neither the mass of the black hole nor of the galaxy are needed, only the local spheroid mass-black hole mass to draw the parallel growth mode (dotted line in Fig. 3 ). This behaviour is similar to moderate redshift quasars (z=1, Urrutia et al., 2012) and high redshift quasars (z=6, Willott et al., 2013) . This similarity suggests that high accretion rates are more directly related to the fact that the AGN are bolometrically luminous with copious output rates of ionizing photons but are not directly related to the production of the powerful radio emission in the extended radio lobes (see § 5.3). Notably, the presence of strong emission lines in our sample of radio galaxies (e.g. Vernet et al., 2001; De Breuck et al., 2002) suggests that these powerful radio galaxies have indeed high relative accretion rates (e.g. Janssen et al., 2012; Hardcastle et al., 2007) as expected if the black holes are growing rapidly as we purport. We remind the reader, as discussed earlier, the calculatedṀ BH represents the instantaneous accretion rate of the BH, not the long term average accretion rate. Variability in the bolometric luminosity and hence the accretion rate may be important . However, such an effect is not likely to be important for the ensemble since the mean will remain the same, variability will only introduce more scatter.
Black hole mass and Eddington ratio
There are black hole mass estimates for five of our objects from broad components of the Hα emission (Nesvadba et al., 2011) . They show that the black holes in powerful radio galaxies are extremely massive, M BH >10 9 M . Only based on this small number, a characterisation of the black holes properties over our entire sample is difficult. However, these measurement are especially useful for comparison with the assumptions in the following sections.
To increase the number of M BH estimates, we will use empirical relationships based on both M stel and L IR AGN to estimate the black hole mass in our sample. These two approaches are somewhat degenerate, as they are using the same data, with two different sets of assumptions. We first define the assumptions made in using the total stellar mass and the local M BH -M Bulge relation to estimate black hole masses. We then use the infrared luminosity of the AGN combined with this mass to calculate the Eddington ratio. We also present a second approach where we fix the Eddington ratio (λ=0.1) and then use the infrared luminosity of the AGN to estimate the black hole mass. We took these two approaches to constrain the possible ranges for the Eddington ratios and/or black hole masses and to isolate the impact of the various assumptions that go into these sorts of estimates. We also mention the systematics that would affect our results when relevant, and summarise them in Appendix D.
Black hole mass
As previously noted, all the galaxies in our sample have estimated stellar masses (Seymour et al., 2007; De Breuck et al., 2010) . All are very massive, with M stel >10 11 M . When HST imaging is available, the best fit light profiles are consistent with n=4 profile (Pentericci et al., 2001, Appendix D) , suggesting that the luminosity weighted mass distribution has a spheroidal morphology (even if some discrepancies are observed). Since the mass of the black hole is related to the spheroidal mass 11 , we can use the local M BH -M Bulge relationship to estimate the black hole mass, M BH (Häring & Rix, 2004) :
where M BH and M bulge are in M . We therefore refer to this approximation as the local approximation (see Fig. 6 , left).
Out of the five sources in our sample with independent black hole mass estimates, only one M BH is directly comparable given the upper limits on the stellar mass (due to AGN torus contribution in the other 4 sources in the near-IR). For this source, MRC 0156-252, the derived M BH from stellar mass lies at a factor ∼4 below that estimated using the broad Hα emission. The four remaining sources suggest also a significant offset in respect to the M BH -M Bulge relation (see Fig. 4 in Nesvadba et al., 2011) . We will therefore refer to this offset as the N11 offset.
Eddington ratio
The Eddington ratio represents the rate at which a black hole is accreting compared to the maximal accretion rate considering a spherical accretion (i.e. Eddington limit). This Eddington ratio (λ) is defined as follows:
where L IR AGN is in L , κ Bol AGN is the bolometric correction from IR (set to 6 here, see § 6.1.2, Appendix C and Appendix D) and the Eddington luminosity (the maximal luminosity radiated at given black hole mass), L Edd , is defined as:
where m p is the mass of the proton, G the gravitational constant, c the speed of light, σ T the Thomson cross section of the electron, L Edd is in L and M Edd BH in M . Rearranging Eq. 4 and Eq. 5, one can obtain an estimate of the black hole mass for a given Eddington ratio and IR luminosity. Observations on quasars show a typical Eddington ratio λ∼0.1 (Kollmeier et al., 2006; Vestergaard & Osmer, 2009; Ballo et al., 2012) . We therefore consider an alternate black hole mass defined through Eq. 4 and Eq 5, making use of L IR AGN and setting λ=0.1. We refer (Nesvadba et al., 2011 , see text for details). Right: M BH from the two different hypothesis, assuming the local M BH -M Gal (bottom axis) and assuming λ=0.1 (left axis). The dashed line represent the one-to-one relation. The blue points (arrows and star) are the black hole masses measured from Hα lines (Nesvadba et al., 2011 ) and compared to the black hole masses from the stellar masses from (De Breuck et al., 2010) . These points therefore do not assume the λ=0.1.
to this approximation as the 10% Eddington approximation (see Fig. 6 right, Appendix C and Appendix D for a discussion of the systematic effects). Figure 6 summarises the two previously introduced methods to estimate M BH (with stellar mass, § 6.2.1 the local approximation and Eddington ratio, § 6.2.2, the 10% Eddington approximation). The left panel presents the Eddington ratios calculated assuming the local M BH -M Bulge relation with black diamonds and with the N11 offset from the same relation from Nesvadba et al. (2011) as empty squares. The latter implies a lower λ as they have a larger black hole mass. We also illustrate the Eddington limit (λ=1). While λ suggests an increasing trend with redshift (factor of ∼10 between z=1 and z=3, with or without the N11 offset), the main difference holds in the range of Eddington ratios. We stress that our uncertainties on M BH are still consistent with black holes close to the Eddington limit in both approximations without any need to invoke super Eddington accretion. Anyway, this is interesting as it suggests that to grow rapidly, the SMBH need to accrete close to the Eddington limit to produce their high bolometric luminosities. Moreover, this result seems consistent with quasars, where an increase in λ between z=2 and z=6 has been observed (e.g. Willott et al., 2010; Urrutia et al., 2012) .
Two hypotheses on Eddington ratio and black hole mass
The right panel presents the two different inferred black hole masses (local and 10% Eddington) plotted against each other. It is clear from this plot that in the case of the 10% Eddington approximation, all black holes appear more massive than suggested by the local M BH -M Bulge relation, i.e. above the dashed line (1:1 relation). As a comparison, we overplot the black hole mass measurements for Nesvadba et al. (2011) scaled from the right axis (in blue). It seems that the 10% Eddington approximation reproduces well the measured black hole masses from Nesvadba et al. (2011) (within a factor 2).
Independently from these assumptions, we observe here M BH >10 9 M at z>1. Optical studies of SDSS quasars (e.g. Vestergaard & Osmer, 2009) show that, though rare, >10 9 M M BH are not exceptional at high redshift. This implies that such extremely massive black holes have acquired most of their mass by z=2-4 as no significantly more massive black holes are found in the local Universe (Kormendy & Ho, 2013 , for a recent review). We would therefore be observing the progenitors of the most massive and quiescent black holes at z=0.
We warn that the last results are degenerate. The only way to overcome this deficiency is through independent measurements of the black hole masses or better constraints on the Eddington ratio (λ). Constraining the former allows us to bypass the M BH -M Bulge relation, while constraining the latter allows us to estimate the black hole mass without the 10% Eddington approximation (λ=0.1).
Specific growth properties
Two of the most challenging questions in modern astrophysics are determining the relative growth rate of galaxies and how this growth is related to the growth and activity of their central supermassive black holes. The relative growth of galaxies and their black holes can be specified as the specific star formation rate (sSFR) and the specific black hole accretion rate (sṀ BH ). Galaxies at high and low redshift follow a reasonably tight "main sequence" of star formation in the SFR-M plane (e.g. Noeske et al., 2007; Elbaz et al., 2007 Elbaz et al., , 2011 . How is the relative growth rate of the stellar mass of radio galaxies related to the general population of star forming galaxies? We have already shown that powerful high redshift radio galaxies are forming stars at very high rates but they are also massive. Are their relative growth rates, their sSFR, higher than normal star forming galaxies? Being very luminous AGN, we know their black 13 G. Drouart et al.: Projet HeRGÉ Fig. 7 . The specific star-formation rate (sSFR, in Gyr −1 ) as a function of redshift. The various colored points represent measurements from the literature at M ∼10 10 M ; see the references in the legend at the bottom right. Since the slope of the sSFR-M relation is approximately zero, the rate at which the sSFR evolves is largely independent of M . Thus this is an appropriate comparison, even for galaxies as massive as the radio galaxies studied here. The black stars, triangles, and upside-down triangles represent the radio galaxy detections, lower limits, and upper limits to the sSFR, respectively. The blue shaded region represents the scatter in the observed sSFR values (±0.3 dex). This rendition of the evolution of the sSFR is inspired by a similar plot in Weinmann et al. (2011) . See also Lenhert et al., in prep. hole accretion rates are high, but is the supermassive black hole growing at a relative rate that is consistent with maintaining the relationship of spheroid mass and black hole mass similar to what is observed at low redshift? 6.3.1. sSFR of high redshift radio galaxies
The specific star formation rate provides an estimate of the instantaneous relative stellar mass growth rates of galaxies. If galaxies were able to sustain their star formation over a significant time and at the rate observed, the inverse of the sSFR is the mass doubling time scale. Interestingly, the mass doubling time scale is shorter than a Hubble time at all redshifts, becoming comparable to the Hubble time at z=0. This suggests that if the galaxies have long duty cycles, they can grow their masses relatively quickly at high redshift. Over the redshift range spanned by our radio galaxy sample, the sSFR of the population of star forming galaxies is approximately constant (∼2 Gyr −1 ) or only slowly increasing with redshift (e.g. Feulner et al., 2005; Rodighiero et al., 2010; Stark et al., 2013; Ilbert et al., 2013) .
Compared to the ensemble of distant star forming galaxies, we find that generally the radio galaxies are growing relatively more rapidly (Fig. 7) . The combination of upper limits in the Herschel photometry and the stellar masses, the number of galaxies with constrained sSFR is only a fraction of the entire sample (∼30%). Nevertheless, a significant trend for the sSFRs of the radio galaxies to increase with increasing redshift can be seen. This increase can be characterized as at z < ∼ 2.5, the sSFR of the radio galaxies is comparable to that of the normal star-forming galaxy population (i.e., no AGN) while at z > ∼ 2.5, the radio galaxies lie significantly above (about a factor of 3) the galaxy population. The scatter for the radio galaxies is a bit higher than in the galaxy population, ∼ ±0.5 dex compared to ∼ ±0.3 dex for the non-AGN galaxies. However, given the more limited number of radio galaxies, this difference is not significant. The offset to higher values by a factor ∼3 for the radio galaxies at z > ∼ 2.5 is significant. This offset is to be compared to the systematic uncertainties associated with the calculation of the sSFR (see Apendix D) . Notably, the uncertainties on the IMF are already taken into account in the blue area (Weinmann et al., 2011) . Overall, the results might shift due to systematic uncertainties, but differentially, it is unlikely to wipe out any differences between our sample and the ensemble of galaxies. We also note that radio galaxies are at the bright-end of the K-z diagram (Rocca-Volmerange et al., 2004) , and present comparable L IR SB than SMGs (see § 6.1.1), so there are naturally expected to lie in a different area of the SFR-M * diagram than normal, more quiescent galaxies (e.g. Elbaz et al., 2011) .
The cause of the offset at higher redshifts in the sSFR of radio galaxies compared to the normal population of star forming galaxies is not known. Morphological evidence for galaxies lying above the main sequence of star formation suggests that mergers may play a significant role in increasing the sSFR (e.g. De Breuck et al., 2005; Elbaz et al., 2011; Sargent et al., 2013) . This picture seems consistent with the trend for radio galaxies to appear in disturbed systems (e.g. Ivison et al., 2008 Ivison et al., , 2012 Seymour et al., 2012; Wylezalek et al., 2013b ). However, whether or not merging is the only cause of perturbed systems is still an open question for the sample of radio galaxies studied here, especially in light of the fact that radio galaxies generally lie in galaxy over-densities (Pascarelle et al., 1996; Venemans et al., 2007; Overzier et al., 2008; Kuiper et al., 2010; Wylezalek et al., 2013a) . Galaxies in over densities at high redshift may preferentially have higher sSFRs (Elbaz et al., 2007, Cooke et al., in prep.) .
Whatever the cause of their elevated sSFRs, what is clear is that the mass doubling time of the powerful radio galaxy population is short, only about 100 Myr at z > ∼ 2.5. If such a relative growth rate could be sustained for 1 Gyr, the typical radio galaxy would have grown by a factor of 1000. Thus despite their high masses, the current star formation rate and relative growth rate do not need to be sustained for a significant fraction of the local Hubble time (1-2 Gyrs over the redshift range spanned in our sample). Notably, the mass depletion time scales are generally very short, of order 100 Myr or less (Ivison et al., 2012; Emonts et al., 2011 Emonts et al., , 2013 . This either suggests that powerful radio galaxies generally represent the last phases of their rapid growth or that, given their relatively rich environments, they are being continuously (re-)fuelled. Their large stellar masses, significantly greater than the fiducial stellar mass turnover in the galaxy co-moving volume density and their overall consistency with the old ages derived for local early type galaxies, suggest these are the almost fully formed progenitors of local early type galaxies (Bernardi et al., 2010) . So it may well be that these galaxies are at the end of their formation epoch. They likely formed the bulk of their stars at much higher redshifts, consistent with the stellar synthesis fitting to the broad-band SEDs of a few of these galaxies (Rocca-Volmerange et al., 2013) . Fig. 8 . sṀ BH versus redshift. sṀ BH is reported here with the two assumptions on black hole masses discussed on Fig. 6 . The black filled squares are the local M BH -M Gal assumption and the empty square the offset expected from (Nesvadba et al., 2011, see § 6.2.3) . We also report other QSO samples for comparison (as indicated in the legend; Willott et al., 2010; Urrutia et al., 2012) . In addition, we compare our specific accretion rates with predictions of two models for the growth rate of M BH =10 9 M black holes similar to our mass estimates (dashed and solid thick lines, see text for details; Shankar et al., 2013) .
Specific black hole accretion rate
The specific black hole accretion rate (sṀ BH ) corresponds to the inverse of the mass doubling time for the black hole. Following Shankar et al. (2013) , sṀ BH can be defined as follows:
where λ is the Eddington ratio (calculated in § 6.2.2), and f is the actual fraction of mass feeding the black hole and increasing its mass, defined as f = /(1-), where is the radiative efficiency factor (see Eq. 2). Fig. 8 presents a mildly increasing value of sṀ BH with redshift, a flattening at z=4-5, and then a possible decline at z>6. This behaviour is very similar to what we observed in the sSFR (Fig. 8) . The characteristic time for the growth of the black hole is t S <100 Myr for λ >0.5 and =0.1 (see § 6.2.2 and Appendix D for related uncertainties). How do these estimates compare to other classes of powerful AGN? In order to compare our radio galaxies to similar objects, we also show estimates of sṀ BH from various samples of quasars from the literature and we use Eq. 6 in order to calculate sṀ BH from the Eddington ratio for these samples. The high redshift sample from Willott et al. (2010) provides the necessary constraints for high redshift optically selected quasars at z∼6.2, while the sample from Urrutia et al. (2012) provides this information for the lower redshift (z∼0.7) red quasars. Both of these samples of quasars have similar specific accretion rates compared to high redshift radio galaxies under a similar set of assumptions. So high specific accretion rates appear to be a generic feature of bolometrically luminous AGN whether or not they are radio loud.
In addition, Fig. 8 also compares our specific accretion rate estimates with models for the growth of supermassive black holes (Shankar et al., 2013) . The models we are specifically comparing to are for the evolution of very massive black holes, M BH =10 9 M , similar to what we think are the best mass estimates for the black holes in these radio galaxies (Nesvadba et al., 2011) . The models of Shankar et al. (2013) that satisfy the most observational constraints are those that allow the peak of an assumed Gaussian distribution of Eddington accretion rates to evolve with redshift, G(z), or with both redshift and black hole mass, G(z, M BH ). These models for M BH =10 9 M fall far below our estimates, by 1-2 orders of magnitude. While these models seek to reproduce the average growth rate of very massive black holes, they fail to reproduce the intense growing phase of the "quasar mode". However, black holes this massive are rare and do not contribute significantly to the overall growth of black holes at high redshift. However, it is also true that because of their extreme masses lying at the exponential end of the mass function, they provide strong constraints on any model. This is especially true given their potential impact on their host galaxies. Having specific accretion rates off by orders of magnitude means the impact of the AGN on its surroundings, whether it be the surrounding interstellar, intra-cluster, or intergalactic medium, will be greatly underestimated.
Are the SMBHs outgrowing their hosts?
The accretion rate of the BH compared to the SFR (Fig. 3) , the relatively high BH accretion rates relative to the Eddington limit (Fig. 6) , and sṀ BH compared to sSFR (Fig. 9 ) all seem to suggest that the super massive black holes in powerful radio galaxies at high redshift may have out-grown and/or may be out-growing their host galaxies. Whether the black hole is too massive compared to its host, or it is accreting at large Eddington ratio, the black hole of radio galaxies is or will be (in a near future) off the M BH -M Bulge relation. This offset is happening when the black holes are growing very rapidly, with characteristic times of <100 Myr for doubling their masses. At the same time the stellar mass of the hosts are also growing very rapidly, but apparently not rapidly enough (Fig. 9 ). Thus to recover the local ratio of black hole and host mass as observed locally, the host of radio galaxies need to "catch up" with their overly massive black holes. We therefore have potential evidence for non-coeval growth of the radio galaxies and their central black holes. In the process, black holes appear to grow first, extremely quickly and efficiently, then the host catch up to fall again the observed local ratio M BH /M gal .
Knowing the duration of the AGN phase would allow to estimate the time lag, R lag , which is how long the host galaxy will need to grow at its current rate to get back on the local ratio of stellar to black hole mass. We can calculate this relative time lag assuming a simple model of constant growth or at least a growth rate with a well defined average. Let us define the final mass of the galaxy (or BH) after a episode of growth as a linear equation:
where ∆T gal is the duration of the star formation (or fueling of the black hole, ∆T BH ),Ṁ gal is the star formation rate (or the mass accretion rate on to the black hole,Ṁ BH ), and the initial, M . We parameterize the growth of galaxies and black holes in exactly the same linear way. Assuming that the galaxy and the black hole start and end on the ratio of their masses as defined by the local stellar mass of the spheroid mass black hole mass relationship, dividing the two equations allows us to estimate the ratio of the duration of the star formation and the mass accretion onto the Fig. 9 . The specific star-formation rate (sSFR, in Gyr −1 ) versus the specific black hole accretion rate, sṀ BH (in Gyr −1 ). The galaxies with constrained estimates of both sSFR and sṀ BH are shown in red, while the arrows indicated upper or lower limits for each or both quantities. sṀ BH was estimated using the local M BH -M Bulge relation (filled red diamonds) or using the N11 offset (empty red squares, see § 6.2.3). The dashed line indicates where the sṀ BH =sSFR.
BH that enables the galaxies to have the local M gal /M BH ratio. Dividing these two equations and rearranging the terms gives:
The relative time for the mass of the galaxy to catch up with mass of the black hole such that it falls back onto the local M BH -M Bulge relation, R lag is simply the ratio between the sṀ BH and sSFR. For our simple model, this means if the black hole growth lasts for 20 Myr, the typical lifetime of a quasar phase (e.g. Steidel et al., 2002; Hopkins et al., 2005) , the galaxy will need at least 160 Myr to catch-up with the black hole growth. This is assuming that the actual measured growth rate is the average over the time over which the growth occurred under our given framework, see § 6.1.1-6.3.2. This simplistic model shows that galaxy activity needs to be much longer than the AGN phase in order to catch up after the relative rapid black hole growth. This would naturally explain the observation that the black holes in radio galaxies lie preferentially above the M BH -M gal relation. It may be that already the mass of the BH lies above the relation (Nesvadba et al., 2011) which would then require even more time for the host galaxy to catch up.
6.5. The future evolution of powerful radio galaxies
We have found that radio galaxies are growing their stellar populations and supermassive black holes very rapidly. They are able to double their respective masses in a few 100 Myr or less. Interestingly, it appears that, relatively, the supermassive black hole is out-growing or has out-grown its host galaxy. Crudely speaking, the host galaxy will require about an orderof-magnitude longer than the lifetime of the AGN for the host galaxy to catch up. "Catching up" in this context means how much longer will it take for the galaxy at its current sSFR to have a mass sufficient to land on the local M BH -M Bulge relation once the BH growth has slowed. We propose here to explore different scenarios making use of our previously calculated parameters:
High redshift powerful radio galaxies will never land on the M BH -M Bulge relation. In the case of an over-massive black hole (compared to its host), R lag indicates that the black hole and its host are not growing at the same rate. The gas supply on larger scales can satisfy the necessary condition to feed simultaneously both the black hole and its host galaxy over the same timescale (though note the severe problems in terms of the physical processes required to bring the gas down to the central engine; Alexander & Hickox, 2012) . However, joint feeding implies that radio galaxies might never land on the local M BH -M Bulge relation. In the local Universe only a handful of deviant objects have been observed (e.g. van den Bosch et al., 2012) . This scenario is plausible since powerful high redshift radio galaxies are rare objects (only few hundred have been observed out to z=5 so far).
High redshift powerful radio galaxies will eventually land on the M BH -M Bulge relation. A variation of the previous scenario can be proposed. Indeed, the galaxies can experience their growth through mergers. Several merging scenarios can be instigated, both major/minor and gas poor/gas rich mergers. Major mergers are rare events but they are expected to be mostly gas rich at high redshift as the gas fraction increases significantly (e.g. . Notably, in the case of a major merger, gas can be efficiently brought to the innerpart of the galaxy (<1kpc) and probably feeds the black hole and star formation simultaneously, allowing a new episode of black hole growth. The triggering event of the radio galaxy episode is still an open discussion, but recent studies suggest that major mergers can indeed play an important role (e.g. Ramos Almeida et al., 2013) . In the case of minor mergers, gas rich companions could form the stars and be accreted within the cosmic time. This scenario is supported by some observational evidence thanks to high resolution imaging with HST (Miley et al., 2006; Seymour et al., 2012) . This is also related to the size evolution of galaxies as well as the compactness of early-type galaxies at high redshift (e.g. Daddi et al., 2005; van Dokkum et al., 2008; Delaye et al., 2013) , the change in the mass function with cosmic time (Ilbert et al., 2013) , the light profiles and elemental abundance ratios in the outer regions of massive ellipticals (Huang et al., 2013; Greene et al., 2013) , and the fact that at constant co-moving density, the mass of massive early-type galaxies grew by about a factor of 4 over approximately the last 10 Gyr (e.g. van Dokkum et al., 2010; Ilbert et al., 2013) . As HzRGs are sitting in dense environments, probably in the centre of proto-clusters (e.g. Wylezalek et al., 2013a) , they are likely to experience an important series of minor dry mergers, consistent with the size evolution scenario. Therefore, high redshift powerful radio galaxies will finally land on the M BH -M Bulge at z=0.
High redshift powerful radio galaxies will land on the M BH -M Bulge relation but on a longer timescale. In the case of black holes starting on the local relation and experiencing a fast, important growth, they will be significantly off the M BH -M Bulge relation in a relatively short timescale (∼ 10 Myr). The host, at the current sSFR, will roughly need 10 times more in order to "catch up" with the black hole. Nevertheless, several observations suggest the contrary. Indeed, to support such a high SFR, an important, continuous supply of gas is required. Such amounts of gas is presently available in the HzRG systems (e.g. Emonts et al., 2013) . Nevertheless, this gas possesses properties which indicate that even if a host growth is possible, it is unlikely to happen in this short timescale. Indeed, HzRGs present copious outflows in ionized and neutral gas (Nesvadba et al., 2006 (Nesvadba et al., , 2007 , gas with substantial angular momentum (van Ojik et al., 1996; Humphrey et al., 2008) or gas in the close environment (Ivison et al., 2012; Emonts et al., 2013) . Before participating to the host growth, this gas needs first to be driven into the galaxy. Our best guess is that this gas will actually participate to the host growth, but in a further episode of star formation. The R lag is therefore a lower limit of the time lag between the black hole and its host.
High redshift powerful radio galaxies are examples of a symbiotic growth. A variation of the previous scenario is by invoking a shorter timescale for the important black hole growth (<1 Myr), the host at the current star formation can "keep up" with its black hole much more easily. Indeed, typical starburst can last for tens of Myrs (e.g. Kennicutt, 1998) . Although convenient, this scenario imply that we are looking at the very peak of the AGN activity for all sources and not at the peak of their star formation. If indeed possible, this is unlikely to be the case, (i) given the large scatter seen, for instance, in Fig. 3 ; and (ii) because the radio selection of our sources which is uncorrelated with the IR luminosity ( § 5.3). Moreover, as mentioned earlier, the variability does induce scatter in our distributions but is not playing a fundamental role on the average.
More observations at high resolution throughout the electromagnetic spectrum, and especially tighter constraints on the BH mass and the mass of the spheroidal component of radio galaxies are needed to test these different scenarios (see § 6.1.1-6.3.2 for our adopted assumptions and Appendix D for a summary of the uncertainties)
Conclusion
We present new Herschel and sub-mm observations for the HeRGÉ sample consisting on 70 powerful radio galaxies spanning 1<z<5.2. Complemented by other data sets, we now have continuous coverage of the IR spectral energy distribution over the range from 16-870 µm. All galaxies in our sample have integrated IR luminosities L IR > 10 12 L , classifying them as ULIRGs, while half of all the sources at z>2 have L IR > 10 13 L and are HyLIRGs.
We use the DecompIR code to decompose the IR SEDs of galaxies in our sample in a robust and uniform way into an AGN and SB components. To make these fits, we assume a single AGN template and a variety of starburst templates. Our results for the AGN contribution are conservative in that we assumed a single template and it is possible that this template could lead to an underestimate of its contribution to the IR SED. The estimated L IR AGN and L IR SB from our decomposition imply both high black hole mass accretion rates (1 M yr −1 <Ṁ BH <100 M yr −1 ) and vigorous on-going star formation (100 M yr −1 <SFR<5000 M yr −1 ). Although no strong correlation is detected between these rates, this result implies that both the black hole and its host galaxy are experiencing rapid growth, with the relative growth of the black hole exceeding that of the host galaxy.
Assuming empirical relations and basic physical assumptions, we estimate M BH from the stellar masses and infrared AGN luminosities. The black holes appear overly massive compared to their hosts and are likely accreting close to the Eddington limit (λ∼1), similar to estimates for radio quiet quasars. Alternatively, for lower Eddington rates, the black holes are more massive than predicted by the local M BH -M buldge relationship.
We derive the specific growth properties, both the specific star formation rate, sSFR, and the specific black hole mass accretion rate, sṀ BH . Compared to galaxies that lie along the sSFRstellar mass relation at z > ∼ 2.5 radio galaxies appear to have higher sSFR. At z < ∼ 2.5, radio galaxies appear have the same or perhaps lower sSFR generally.
We explore different scenarios for the future growth of radio galaxies. These scenarios are that high redshift powerful radio galaxies (i) will never land on the M BH -M Bulge relation; (ii) will land on the local M BH -M Bulge relation, but at low redshift; (iii) will land on the M BH -M Bulge on a longer timescale than our estimated R lag ; or (iv) are indeed experiencing a symbiotic growth. However, observational evidence favours the scenario in which radio galaxies will land again on the M BH -M Bulge relation, but on a long timescale (most probably >>100 Myr). Table 2 . Herschelobservations. All are part of the OT1 seymour 1 program except when specified. Table 4 . Sub-mm flux at 870 µm with LABOCA in this paper, at 850 µm for all the rest. Flux in square brackets symbolise the weak detection (2σ<F gal <3σ). For a description of the observing mode, WOO or mapping see S 2.4. 
